We present a study of Raman scattering by phonons in Ge Si"-type ultrathin superlattices. We calculate the Raman spectra of ideal unstrained structures and then successively include strain and interface smudging. The calculations reveal interesting systematics about quasiconfinement.
If the structures are grown on a Si substrate m is not more than six atomic layers, and p is such that the whole structure itself has a critical length. Thus we are dealing with a few hundred atomic layers grown on a Si substrate (say) , and typically capped with 50 A of a protective layer of silicon. In previous papers ' we have studied the lowlying acoustic phonons (b,co&100 cm ') in such structures and found them to be sensitive to the overall periodicities, boundary conditions, and average properties of the lattices. On the other hand, optical phonons are expected to yield information regarding local structure, interface smudging, and lattice-strain effects. The object of this paper is to interpret in detail the observed Raman spectra of (Ge Si") Table I ). The polarizability constants a " and a y of each layer are proportional to a, and a"ofTable I. These, in turn, can be related to a" a, and a25., of Cardona" in the case of bulk materials.
We also note that for Ge Si"-type superlattices only the z (xy)z polarization produces a significant intensity. Fig. 3 ). In going from, for example, (Ge2Si6)z4 to (Ge2Si7)24 the Si-Si-like peaks at 509 and 427 crn ' move upwards to 512 and 448 cm ' due to the decrease in confinement. In addition, a new Si-Si-type mode appears at 338 cm while the Ge-Ge-like peak at 294 cm ' drops down to 238 cm (see Fig. 1 ). The next lowest significant peak in the calculated Raman spectrum of (Ge2Si7)24 is at 104 cm ' (In Table II In Table III we show in columns A the calculations for (Ge Si")~w ith strained Ge slabs, while columns B refer to strained Si slabs in (Si"Ge ) . Since all structures of the form Ge Si"with m, n 6 have two Si-Si-like peaks (bee) 300 cm ') except in the case of Ge Si2 we have chosen to call the highest peak (Aco) 400 cm ') the Si-Si peak, while the lower peak has been called the Ge-Si peak. [For example, in Fig. 3 Table III for Ge-Si and Si-Si peaks in Ge2Si2, Ge4Si2, and Ge6Si2 are thus put in parentheses and entered twice.
In Table III , column A for 5(hco) (Ge-Ge) shows that the strain shift of the Ge-Ge peak depends both on m and n Larg.er Ge slabs (larger m) show a bigger strain shift.
The Ge-Si peak is less affected by an increase in ko, than the Ge-Ge peak. But significantly, the value of the strain shift depends on the silicon slab size n, going from 4 cm ' to a maximum of 6-8 cm ' Table III ) if lattice strain is included and could constitute the so-called "Ge-Si"-like mode of experimental spectra. In Fig. 5 we show the vibrational amplitudes for the three modes in a system with 15% smudging. It is clear that the "Ge-Si"-like mode is really a Si-Si-Si-Si mode bounded by smudged Si layers, mI (Si layers with Ge admixture), at the two ends forming the interface layers.
The implication of the results of Table IV is that GeGe-like modes appearing at a higher frequency than that of the bulk Ge-Ge mode (viz. , 300 cm ') do not necessarily imply strain. While partially confined unstrained unsmudged Ge-Ge modes fall below 300 cm ' (see Table   II ), the corresponding peaks in nonideal superlattices or alloys will tend to lie above the bulk value due to the admixture of lighter Si atoms into the smudged interface planes. Similarly, the so-called "Ge-Si"-like peak could lie above, below, or near the extended Ge-Si mode at 417 cm typical of the m=1, n=l zinc-blende structure -1 (GeSi) . In fact, it may be misleading to relate the experimental peak near 390 -425 cm ' to the Ge-Si zincblende peak, as will be seen later, in our discussion of experimental spectra. Similar caution is needed in interpreting the position of the Si-Si peak in terms of confinement and strain alone. Confinement lowers the Si-Si peak from the bulk value of 520 cm ' (see Table II ). But so does admixture of germanium, as seen from Table   IV . If the Si layers are lattice matched to a Ge substrate the strain also lowers the Si-Si peaks (see Table III In fitting the experimental spectra to the calculations the parameters of the majority structure (defined by the crystal growth parameters) usually needed no adjustment, as in the case of the Ge2Si6 structure to be discussed presently. In the case of the minority structure adjustable parameters arise in modeling the smudged layers (e.g. , the intermixing fraction x and the degree of strain). Fig. 7 ) is at 512.5 cm . From Table II we might conclude that the structure probably contains Si7 and Sis slabs as well as the Si6 slabs targeted by the growth conditions. Thus we may expect to see spectral features corresponding to Ge2+, Si6+, or Ge2+, Si6+2 in this spectrum. Alternatively, if the nominally strain-free Si slabs had a small amount of strain (= l%%uo change in ks, ) the calculated frequency for ideal Ge2Si6 of 509 cm ' would shift to the observed value of 512.5 cm Comparison of the observed features of the experimental spectrum (bottom panel of Fig. 6 ) with the predictions of Table II for unstrained systems, as modified by Tables III   and IV for strain and smudging, enables us to explain most of the features in the experimenta1 spectrum. For simplicity we will consider the main spectral features.
The strong well-formed low-frequency peak at 199 cm in the experimental spectrum is consistent with the theoretically predicted superlattice peak (a "folded mode") at 201 cm ' from (Ge2Si6)z4. It is also found that the 199-cm ' peak is strongly affected by annealing, which would be expected for such a folded mode. A closely related structure, e. g., Ge&Si7, has a peak at 189 cm '. Hence Fig. 7 will be described later in this paper, while a more detailed analysis of the annealing studies wi11 be reported elsewhere.
We may now attempt to "synthesize" the observed spectrum as being made up of contributions from unsmudged Ge2Si6 layers and from those with 7.5% intermixed interface layers. Such a theoretical "simulation" spectrum, where the amount of ideal interfaces is taken to be 25%, is shown in Fig. 6 (bottom panel). This simulation spectrum is arrived at in the following way.
The calculated spectrum of the ideal unstrained Ge2Si6 structure, using the standard values of the Raman polarizabilities (Table I) Fig. 9 for details). The calculated Raman spectrum for this system (structure A ), using the bulk bond polarizabilities, is shown in Fig. 9 (dashed line of the top panel). As in the case of the GezSi6 superlattice discussed previously, we find that the bulk bond polarizabilities do not give a proper description of the observed spectra. The final form adopted involves an enhancement of a~for the superlattice Si layers from the bulk value of 1.59 to 6.0, while the value of a "~f or the smudged silicon (mt ) layers were taken to be 3.5. The polarizability factor for the heavy layers (i.e. , mt, layers) had to be lowered to 1.0 (from-the usual Ge value of 4.07) and this had the effect of suppressing the intensity of the peak near 320 cm ' 
